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osting by EAbstract The behavior of concrete columns conﬁned by ﬁber reinforced plastic/polymer (FRP)
depends on several parameters, including concrete strength, types of ﬁbers, volume and orientation
of ﬁber in the jacket, jacket thickness and shape of cross section, length-to-diameter (slenderness)
ratio of the column. In this paper, the behavior of long concrete columns conﬁned by means of
proper plastic tube is investigated including failure mechanisms and subsequently their failure mode
with theoretical model for calculation of the column capacity. The inﬂuence of column slenderness
ratio on their axial load capacity, axial strains, and radial strains is also investigated. The experi-
mental program was classiﬁed into three different groups with slenderness ratios from 9 to 18. Test
results show that, utilizing plastic tube for conﬁnement signiﬁcantly inﬂuences the failure mecha-
nisms of concrete columns. Results also show that the stiffness of the tested long conﬁned concrete
columns specimens increases as slenderness ratio decreases.
 2011 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
It is necessary to strengthen the deteriorated and damaged
concrete columns to increase their carrying capacity (axial load
and bending moment), and ductility to improved seismic4310 0530.
oo.com
y. Production and hosting by
Shams University.
lsevierperformance. Plastic pipes, tubing and proﬁles are used in a
wide variety of industries including, building and construction,
automotive, consumer goods, lawn and garden, windows and
doors, furniture, plumbing and electrical. One of the most
widely used materials for these products is polyvinylchloride
commonly known as PVC. This material is popular in these
industries because of the wide range of properties that can
be obtained depending on the additives that are mixed with
it, all this at a relatively inexpensive price.
Steel plate jackets and reinforced concrete jackets have been
widely used to strengthen the reinforced concrete columns.
However, utilizing steel plate jackets met some difﬁculties due
to material characteristics. To overcome the material character-
istics problems, an advanced composite material (ACM) as
Fiber Reinforced Polymers (FRP) was recently introduced as
an alternative solution.
Recently, many research efforts have been conducted to
study the structural behavior of conﬁned concrete columns
142 Ata El-k. Shoeib Solimanusing FRP [1–5]. Many experimental and theoretical studies for
short columns conﬁned bymeans of FRPwere publishedwhile a
limited number of research work was conducted for long con-
ﬁned concrete column with different slenderness column ratio
[4].
The use of ﬁber-reinforced polymer (FRP) composites is
increasing in construction. The concrete-ﬁlled plastic tube col-
umn is one of its applications. It has many advantages such as:
formworks that behave as protective jackets, and conﬁne con-
crete. Tubes’ wall helps shear and ﬂexural reinforcement. By
using this technique cost can be reduced due to the reduction
of columns’ cross-sectional area required for the same design
load. In addition, FRP-tube can be used for protecting the
concrete against harsh environmental effects, as well as
increasing the column strength and ductility due to conﬁne-
ment [3–10]. In addition, by using FRP, column reinforcement
protection from corrosion will be raised and ductility and
strength will be enhanced [11]. Nevertheless, its performance
will depend on the resistance of the FRP materials to the envi-
ronment in which they are expected to perform [12].
For a short column the major beneﬁt of FRP is its ortho-
tropic behavior that prevents the interaction between the jack-
et and concrete in the axial direction, resulting in the early
activation of its conﬁnement. Some other beneﬁts of FRP con-
ﬁned short column are high strength, lightweight, resistance to
corrosion, low cost, versatility, etc. [5,10,13,14].
For column members conﬁned with Fiber Reinforced Poly-
mers (FRP), the additional moment may be caused due to some
reasons such as: load eccentricity, column buckling an/or lateral
loads (due to earthquake or wind). Gardner and Jacobson [4]
studied the effect of load eccentricity for concrete columns
and where concrete ﬁlled steel tube technique was used. It was
concluded that, behavior of the conﬁned columns was similar
to the unconﬁned concrete columns up to the peak load and sig-
niﬁcant enhancement in strength and ductility of concrete ﬁlled
steel tube was observed. Furthermore, unlike steel-encased con-
crete, response of CFRP-conﬁned concrete was bilinear with no
descending branch. Another study conducted by Sami et al. [3]
reported that, review of response curves indicates that the re-
sponse curves consist of three regions. In the ﬁrst region, behav-
ior was similar to unconﬁned column, since lateral expansion of
the core was insigniﬁcant. With the increase in microcracks, a
transition zone was entered where the plastic tube jacket exertsD=150mm
h=variable
D 
(a) Group G1 λ = 14, 12 and 10 (b)
h=variab
Figure 1 Testa lateral pressure on the core to counteract the stiffness degrada-
tion of concrete. Finally, a third region was recognized in which
the plastic tube was fully activated, and the stiffness was gener-
ally stabilized around a constant rate. The response in this re-
gion was mainly dependent on the stiffness of the plastic tube.
The moment may be also obtainable as a result of column
buckling; of ﬁlled steel tube (CFT) columns as explained by
Keigo and Shosuke and others [7,9]. In this work authors stated
that the local buckling signiﬁcantly affects square short column
strength. Authors also mentioned that buckling strength of a
concrete-ﬁlled steel tube (CFT) long column may be evaluated
as a sum of the tangent modulus strengths (calculated sepa-
rately for both of the steel tube and concrete). It is noted that
there is no conﬁning effect on the buckling strength, regardless
of the cross-sectional shape of the column [7,9].2. Experimental work
The experimental study includes testing of six ﬁlled plastic tube
concrete column specimens without steel reinforcement and
one unconﬁned concrete specimen. Test specimens were cast
into the shape and dimensions as illustrated in Fig. 1. The
tested specimens were divided into three groups G1, G2 and
G3 respectively. Plastic tubes of wall thickness 4.7 and
3.7 mm were used for groups G1 and G2 respectively for con-
ﬁnement purposes. The column specimen of group 3 was
poured into a plastic mold, where the unconﬁned requirements
were satisﬁed. Groups G1 and G2 include three specimens of
heights 1500, 1800 and 2100 mm while group G3 was of one
column specimen of height 1500 mm. The column slenderness
ratio (the ratio between column height to column diameter) k
for columns specimens CG11, CG12 and CG13 of group G1
were 14.00, 12.00 and 10.00 respectively, while column slender-
ness ratio k for columns specimens CG21, CG22 and CG23 of
group G2 were 17.50, 14.00 and 12.5 respectively. The stated
slenderness ratios k were chosen to meet the requirements of
ECC-203 [6] (k = 9–18) for slender columns. Table 1 illus-
trates the details of the tested column specimens.
The characteristic concrete compressive strength for the
tested specimens fcu was 20.0 MPa. Table 2 illustrates the Mix-
ture properties as well as the concrete mechanical properties
for the tested column specimens.D=120mm
D 
 Group G2 λ = 17.5, 15.0 and 12.5 
le
Specimens.
Table 1 Details of tested column specimens.
Group Columns’ designation Column specimens dimensions (mm) Slenderness ratio h/D
Diameter, D Column height, h
G1 CG11 150 2100 14.00
CG12 1800 12.00
CG13 1500 10.00
G2 CG21 120 2100 17.50
CG22 1800 15.00
CG23 1500 12.50
G3 UCG33 150 1500 10.00
Table 2 Mixture properties for concrete.
fcu (MPa) Ec (GPa) w/c ratio Cement (kg/m
3) Coarse aggregate (kg/m3) Fine aggregate (kg/m3)
20 21 0.4 200 1070 595
Behavior of long conﬁned concrete column 143The used plastic tube was of average tensile strength
53 MPa and elastic modulus EP of 35 GPa (Fig. 2).
The experimental work was conducted utilizing the space
steel frame of the Faculty of Engineering, at Mattaria, Helwan
University. All specimens were tested up to failure under
monotonic loads. The specimens were subjected to axial verti-
cal load applied at the specimens’ center by means of hydraulic
jack of 550 kN capacity through uniform steel end plates to
achieve a constant stress distribution at the concrete cross sec-
tion. The load was applied vertically at the center of the spec-
imens. The load was applied to concrete section. When the
load was applied to the entire section, the contribution by
the concrete core and tube to the total axial force was constant
along the height of the column, and was not affected by theFigure 2 Test set-up.bond strength. Further, the bond strength had no inﬂuence
on the structural behavior of the column [4]. The columns were
tested under compression load. The radial strain was measured
and recorded using a strain indicator connector that was con-
nected to the strain gauges by wires and the readings were ta-
ken at each increment of loading.
Digital load cell of capacity 950 kN and accuracy of
0.1 kN was used to measure the applied load values displayed
on monitor connected to the load cell. Columns were tested
using an incremental loading procedure. In addition, the ver-
tical as well as the radial strains at the outer surface of the
plastic tube were measured by means of three electrical strain
gauges positioned at the column specimen mid-height. Fig. 3
illustrates the position of the used electrical strain gauges. The
level of load applied to the column specimens was continu-
ously measured by means of load cells. The load was kept
constant at each load stage to allow for measurements and
observations.2x3 Strain gauges
(b) Sec. Plan(a) Sec. Elevation 
h
h/2
Figure 3 Position of the electrical strain gauges.
144 Ata El-k. Shoeib Soliman3. Test results and analysis
3.1. Failure mechanisms
Figs. 4 and 5 illustrate the mode of failure of tested column
specimens CG13and CG21 respectively. Two types of failure
modes were observed. The ﬁrst one was a diagonal shear fail-
ure while the second one was a tension failure. Column speci-
mens CG13, CG12 and CG23 of slenderness ratio 10.0, 12.00
and 12.5 respectively failed due to the failure of the plastic
tube. The failure initiated from one fourth to middle of the
height of the tested column specimens, as demonstrated in
Fig. 6 for sample CG13. After the tube failure, the concrete
was observed to disintegrate and a thin layer of the concrete
remained attached to the tube wall. Sounds heard during the
early or middle stages of loading, may attribute to the microFigure 5 Mode of failur
(a) The confined specimen                
     after failure                 
Figure 4 Mode of failurcracking of the concrete. Snap of the plastic tube was also
heard toward the end of the loading process.
It can be noted also that for specimens CG11, CG22 and
CG21 of slenderness ratio of 14.0, 15.0 and 17.50 respectively,
the failure mode was due to the excessive increase of the ob-
served horizontal displacements. Besides, after removing the
plastic tube it was found that at mid-height of column speci-
mens, crushing of concrete had occurred on one side while ten-
sile cracks were observed on the other side of the tested sample.
It can be said that the plastic tube perform as the reinforce-
ment in tension side of columns cross section. Moreover, the
delay of failure in this sample may be due to the restrained
cracks that occurred on the tension side by means of the plastic
tube. Accordingly, the ﬁrst type of failure was observed in
specimens CG13, CG12 and CG23 of slenderness ratio 10.0,
12.00 and 14.00 respectively, while specimens CG11, CG22
and CG21 of slenderness ratio 14.0, 15.00 and 17.50e for specimen CG21.
        (b) Crack pattern for concrete  
           specimens after remove tube 
Tube 
Crack 
Concrete
Crack
e for specimen CG13.
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Figure 8 The relation between slenderness ratio and fcu/fucu.
Behavior of long conﬁned concrete column 145respectively exhibited the second type of failure. Columns
exhibited failure of the plastic tube as its slenderness ratio
was below 14.00 while the second mode failure was obtained
for columns of slenderness ratio above 14.00. Finally, it can
be concluded that the column slenderness ratio affects the col-
umns’ mode of failure.
3.2. Stress–strain relationship
Stress strain relationship for the tested columns specimens are
plotted in Figs. 6 and 7 respectively. It can be noted from the
mentioned ﬁgures that the obtained. stress strain relationship
of the tested conﬁned columns specimens (conﬁned by means
of plastic tube) is nearly similar to both the concrete conﬁned
with composed sheets and the unconﬁned ones as well [9]. In
addition, the tested column specimens of groups 1 and 2 show
increase in the columns’ stiffness as the slenderness ratio
decreases.
3.3. Effect of conﬁnement on the compressive strength
Fig. 8 shows the relationship between the ratio of compressive
strength of the conﬁned and unconﬁned column specimensSt
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Figure 6 The relation between the s(fcu/fucu) and column slenderness ratio k for all tested
specimens.
Table 3 illustrates a comparison between the compressive
strength of the unconﬁned specimen UCG33 of group G3 (fucc)
and the compressive strength of other conﬁned tested speci-
mens of groups G1 and G2 (fcc).
The comparison indicted that, the compressive strength ra-
tio fcu/fucu was improved by decreasing the column slenderness
ratio. It can be also seen that fcu/fucu was increased-0.02-0.015-0.0105
CG21
CG22
CG23
Vertical strain
tresses and strains for group G2.
-0.02-0.015-0.01005
CG12
CG13
CG11
Vertical strain
tresses and strains for group G1.
Table 3 Test results of column specimens.
Group Columns’ designation Slenderness ratio, k Peak load (kN) Ppeak/Ac (MPa) fcc/fucc eccl
eccl
ecu
eccr
eccr
ectr
G1 CG11 14.0 158.0 8.96 1.28 0.0141 7.05 0.0055 13.74
CG12 12.0 182.8 10.35 1.48 0.0159 7.95 0.006 15.00
CG13 10.0 222.5 12.59 1.80 0.0161 8.10 0.0063 15.75
G2 CG21 17.5 103.5 9.15 1.30 0.0082 4.10 0.0043 10.75
CG22 15.0 120.2 10.63 1.52 0.0098 4.90 0.0048 12.00
CG23 12.5 157.7 13.95 1.99 0.0126 6.30 0.0069 17.25
G3 UCG33 10.0 123 7.00 1.00 – – – –
146 Ata El-k. Shoeib Solimanapproximately by 28%, 48% and 80% for the column speci-
mens CG11, CG12 and CG13 of group G1 respectively. In
addition, column specimens CG21, CG22 and CG23 of group
G2 were affected by fcu/fucu ; whereas fcu/fucu increased approx-
imately by 30%, 52% and 99% respectively for the mentioned
specimens.
3.4. Effect of conﬁnement on the axial and radial strains
Fig. 9 and Table 3 illustrate the relationship between the ratio
(eccl/ecu) of axial strain of conﬁned samples eccl and the strain at
failure of the unconﬁned column specimens ecu and the column
slenderness ratio k for all tested column specimens. It can be
noted that, for columns of group 1 of slenderness ratio k
14.00, 12.00 and 10 with different axial strain ratio (eccl/ecu)
equal to 7.05, 7.95 and 8.10 respectively. Also group 2 exhibits8 10 12 14 16 18 20
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Figure 10 The relation between slenderness ratio and eccr/ectr.
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Figure 9 The relation between slenderness ratio and eccl/ecu.similar tendencies, as shown in Fig. 9. Finally it can be con-
cluded that, the ratio eccl/ecu decreased as the column slender
ratio increases.
Fig. 10 and Table 3 illustrate the relationship between the
ratio of radial strain eccr of conﬁned samples and the strain
at failure ectr of the unconﬁned column specimens (eccr/ectr)
and column slenderness ratio k for all tested columns’
specimens.Figure 11 Typical cracks in the conﬁned concrete column at
failure [17,18].
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Figure 12 The relation between tfrp and the ratio between
theoretical and experimental.
Behavior of long conﬁned concrete column 147For tested column of group 1, the value of slenderness ratio
k 17.50, 15.00 and 12.50, with different radial strain ratio (eccr/
ectr) was equal to 10.75, 12.00 and 17.25 respectively. Also
group 2 exhibits similar tendencies. Finally, it can be con-
cluded that, eccr/ectr increased as the column slender ratio
increases.
4. Theoretical analysis
In the previous experimental studies, the effect of the column
slenderness ratio on the theoretical conﬁnement stress was
taken into consideration. Fig. 11 shows the typical cracks
pattern of short conﬁned column done by researches [17,18].
Moreover, the additional assumption of conﬁned concrete
is taken into consideration [15,16]. The equilibrium of the act-
ing forces on the short conﬁned column is as follows: the resis-
tance force (FR) in hoop direction is equal to acting forces (FA)
in hoop direction.
Rfrp þ Rct ¼ Cconf þ Cconc ð1Þ
where Rfrp is the resistance conﬁnement force of FRP sheet/
tube, Rct is the resistance conﬁnement force of concrete, Cconf
is the acting conﬁnement force due to vertical load, Cconc is the
acting conﬁnement force due to concentration stress. By usingy = 0.0011x3 - 0.0431x2 + 0.5113x -
R2 = 0.6127
1520
H/D
Figure 13 The relation h/D and the ratio bebest ﬁtting as shown in Fig. 12, the ﬁnal conﬁnement force can
be calculated by using the following proposed equation:
fcc ¼
0:8 ffrp  tfrp þ 12
r Efrp
Ec  ffrp
 
 f 2tc
0:25 tfrp  Efrp
r Ec þ tfrp  Efrp
 
 rþ 3 tfrp
2
664
3
775 t0:43frp ð2Þ
where the factor tfrp takes the effect of change in stress concen-
tration between the ﬁber and concrete core at the crack tips. By
comparing between the cracks in the short column [17,18], as
shown in Fig. 11, it can be seen that the internal cracks in the
concrete core of short column are not as in case of long column,
whereby with an increase in the slender ratio, the additional mo-
ment due to buckling increases and the conﬁnement behavior
differs.
As the column section is subjected to moment and normal
force, the long conﬁnement column capacity can be calculated
by using Eq. (3) for short conﬁnement column after
modiﬁcation.
In the previous theoretical studies of long concrete column,
the effect of column slender ratio on themaximum load capacity
is taken into consideration. The relation between the slenderness
ratio (H/D) and the ratio between the experimental stresses to
theoretical stress is shown inFig. 13. By using best ﬁtting, the va-
lue of the experimental factor taking the effect of column slender
ratio [0.001k3  0.05k2 + 0.5k  1.1] is shown in Fig. 13.
fcc ¼
0:8 ffrp  tfrp þ 12
r Efrp
Ec  ffrp
 
 f 2tc
0:25 tfrp  Efrp
r Ec þ tfrp  Efrp
 
 rþ 3 tfrp
2
664
3
775
 0:001k3  0:05k2 þ 0:5k 1:1  ð3Þ
Finally, the conﬁnement action and behavior of conﬁned
concrete column depends on the slenderness ratio.
5. Conclusions
In this paper an experimental-theoretical study was conducted
on long concrete columns conﬁned by means of proper plastic
tube (FRP). Based on the analysis of test results, the following
main conclusions can be summarized: 1.1108
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.
tween theoretical and experimental stress.
148 Ata El-k. Shoeib Soliman1. Column slenderness ratio affects the columns’ mode of
failure.
2. The stiffness of the tested long conﬁned concrete column
specimens increases signiﬁcantly by the decrease in slender-
ness ratio.
3. The values of compressive strength ratio fcu/fucu improved
by the decrease of column slenderness ratio. Compressive
strength ratio fcu/fucu was increased approximately by
28%, 48% and 80% for the column slenderness ratios
17.0, 15.0, and 12.5 respectively (for column with diameter
120 mm), while for column of slenderness ratios 14.0, 12.5,
and 10 (for column with diameter 150 mm) the compressive
strength ratio fcu/fucu increased approximately by 30%,
52% and 99% respectively.
4. The axial strains ratio eccl/ecu decreased as the column slen-
derness ratio increases. For tested columns of slenderness
ratios k equal to 14.00, 12.00 and 10, the axial strains ratios
eccl/ecu were 7.05, 7.95 and 8.10 respectively (for column
diameter150 mm). Also for tested column of slenderness
ratios k equal to 17.50, 15.00 and 12.5, the axial strains
ratios eccl/ecu were 4.10, 4.90 and 6.30 respectively (column
diameter 120 mm).
5. The radial strains ratio eccr/ectr decreased as the column
slender ratio increases. For tested column of slenderness
ratios kb 14.00, 12.00 and 10, the axial strains ratios eccl/
ecu were 13.74, 15.0 and 15.75 respectively (for column
diameter 150 mm). Also for tested column of slenderness
ratios kb 17.50, 15.00 and 12.5, the axial strains ratios
eccl/ecu were 10.75, 12.0 and 17.75 respectively (column
diameter 120 mm).
6. The column slenderness ratio has a signiﬁcant effect on the
conﬁnement behavior of long concrete column, and this
effect must be taken into consideration in design
7. By using Eq. (3), with the same material the conﬁned col-
umn capacity can be calculated.
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